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Abstract The characteristics of aerosol particles have been poorly evaluated even though 31 
haze episodes frequently occur in winter in Northeast China. OC/EC analysis, ion chromatography, 32 
and transmission electron microscopy (TEM) were used to investigate the organic carbon (OC) 33 
and elemental carbon (EC), and soluble ions in PM2.5 and the mixing state of individual particles 34 
during a severe wintertime haze episode in Northeast China. The organic matter (OM), NH4+, 35 
SO42−, and NO3− concentrations in PM2.5 were 89.5 µg/m3, 24.2 µg/m3, 28.1 µg/m3, and 32.8 36 
µg/m3 on the haze days, respectively. TEM observations further showed that over 80% of the haze 37 
particles contained primary organic aerosols (POAs). Based on a comparison of the data obtained 38 
during the haze formation, we generate the following synthetic model of the process: (1) Stable 39 
synoptic meteorological conditions drove the haze formation. (2) The early stage of haze 40 
formation (light or moderate haze) was mainly caused by the enrichment of POAs from coal 41 
burning for household heating and cooking. (3) High levels of secondary organic aerosols (SOAs), 42 
sulfates, and nitrates formation via heterogeneous reactions together with POAs accumulation 43 
promoted to the evolution from light or moderate to severe haze. Compared to the severe haze 44 
episodes over the North China Plain, the PM2.5 in Northeast China analyzed in the present study 45 
contained similar sulfate, higher SOA, and lower nitrate contents. Our results suggest that most of 46 
the POAs and secondary particles were likely related to emissions from coal-burning residential 47 
stoves in rural outskirts and small boilers in urban areas. The inefficient burning of coal for 48 
household heating and cooking should be monitored during wintertime in Northeast China.  49 
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1. Introduction 50 
Massive amounts of primary and secondary anthropogenic particles are emitted or formed 51 
that can form a thick haze layer under stable synoptic meteorological conditions. Anthropogenic 52 
aerosol particles mainly consist of sulfates, nitrates, organics, black carbon (BC), fly ash, metal, 53 
and mineral dust (Bi et al., 2007; Denkenberger et al., 2007; Laskin et al., 2015; Li et al., 2016a; 54 
Moffet et al., 2008; Tian et al., 2015; Wang et al., 2009). The thick haze layer, varying from a few 55 
hundred meters to 2 km, blocks solar radiation from reaching the earth’s surface and heats the 56 
planetary boundary layer through scattering and absorption by particulates and nitrogen dioxide 57 
gas (Ding et al., 2016; Ramanathan et al., 2001). High concentrations of aerosol particles 58 
transported from the ground can become cloud condensation nuclei (CCN) and modify the 59 
precipitation dynamics of clouds (Bennartz et al., 2011). Various anthropogenic particles and 60 
natural mineral dust can act as ice nuclei in clouds (Ren et al., 2017; Wang et al., 2015). Air 61 
pollution from coal-fired power plants and steel industries may fertilize ocean-dwelling plankton 62 
to better trap CO2 and promote global cooling (Li et al., 2017). In addition, high concentrations of 63 
anthropogenic aerosol particles in urban air adversely affect human health, increasing the 64 
incidence of mortality, stroke, and cardiovascular and respiratory diseases (Lelieveld et al., 2015; 65 
Liu et al., 2017; Yang et al., 2013).  66 
Rapid industrialization and urbanization in the last 30 years in China have caused severe air 67 
pollution, which is evident in the deterioration of both air quality (Zhang et al., 2015) and 68 
visibility (Che et al., 2007). Although the economy in Northeast China (Liaoning, Jilin, and 69 
Heilongjiang Provinces) has not increased as rapidly as in other areas, such as the North China 70 
Plain (NCP), Pearl River delta (PRD), and Yangtze River delta (YRD), in the past 10 years, its air 71 
quality deterioration is similar. Interestingly, the air quality in the heating season sharply contrasts 72 
that in the non-heating season in Northeast China. During the non-heating period, the average 73 
PM2.5 concentration was approximately 30 µg/m3. However, compared to the non-heating period, 74 
there was a higher number of haze days, and PM2.5 concentration increased approximately 4-5 75 
times during the heating period (lasting up to 5 months, from late-October to late-March of the 76 
next year). In recent years, the maximum concentration of hourly PM2.5 greatly exceeded 1000 77 
µg/m3 during the wintertime heating period in Northeast China. For example, the hourly PM2.5 78 
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concentration reached 1326 µg/m3 in the city of Shenyang on 8 November 2015 and 1281 µg/m3 79 
in the city of Harbin on 4 November 2016. The above PM2.5 values were derived from the 80 
Ministry of Environmental Protection of China (https://www.aqistudy.cn/). Because of these 81 
extremely elevated concentrations, a better understanding of the formation of severe regional haze 82 
in winter in Northeast China is necessary. 83 
As air pollution has spread throughout China, scientists have primarily studied this pollution 84 
in the NCP, PRD, and YRD regions (Fu et al., 2008; He et al., 2011; Zhao et al., 2013). In the past 85 
10 years, only a few studies have investigated aerosol particles in typically polluted locations of 86 
Northeast China, such as Longfeng Mountain (AOD440nm was approximately stable at 0.9 on haze 87 
days) (Wang et al., 2010), Shenyang (average PM2.5 concentration was approximately 130 µg/m3 88 
during wintertime) (Han et al., 2009), Tongyu (average BC concentration was approximately 2.52 89 
µg/m3 during the non-heating period) (Cheng et al., 2010), and Huludao (metal particles from 90 
traffic emissions) (Zheng et al., 2010). However, no study has investigated the formation 91 
mechanisms of regional haze in winter in Northeast China. 92 
Because of the lack of studies of regional haze in Northeast China, it is difficult to draw 93 
comparisons with the haze pollution in the NCP, PRD, and YRD, which have been well 94 
documented in previous studies (Cheng et al., 2014; Deng et al., 2008; Tao et al., 2012). The 95 
Northeast China Plain is located between 40-48 °N and has a medium-latitude monsoon climate. 96 
Strong, prevailing winds from the northwest occur because of the influence of the cold high 97 
pressure systems over Siberia in winter. These strong cold winds push the haze layer out of the 98 
Northeast China Plain through the eastern canyon as shown in Figure 1. These haze particles can 99 
be further transported into the Korean Peninsula, the northern part of Japan, and the North Pacific 100 
Ocean (Dickerson et al., 2007; Jung et al., 2015; Lim et al., 2014). Therefore, studying the 101 
physicochemical characteristics of haze particles in winter in Northeast China could lead to 102 
greater understanding of their regional and global influences. 103 
To assess the physical and chemical characteristics of aerosol particles and haze formation, a 104 
field experiment was carried out during a regional haze episode in Northeast China from 28 105 
January to 7 February 2015. The mass concentrations, size distributions, and chemical 106 
compositions of aerosol particles were obtained. After the field work was completed, we 107 
determined the morphology and mixing state of individual aerosol particles by electron 108 
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microscopy for the first time. 109 
 110 
2. Methods 111 
2.1 Sampling site and sample collection 112 
Northeast China consists of Liaoning, Jilin, and Heilongjiang Provinces and the eastern Inner 113 
Mongolia Autonomous Region. The Northeast China Plain is surrounded by the Lesser Khingan 114 
Mountains and the Changbai Mountains, and the Sanjiang Plain lies on the other side of these two 115 
mountain ranges, forming a canyon terrain (Figure 1). Jilin (43.83 °N, 126.55 °E) is a typical large 116 
city located in central Northeast China (Figure 1), and regional hazes in Northeast China are 117 
through Jilin under the influence between north and south transports. Therefore, Jilin is a 118 
representative sampling site to study the regional haze over Northeast China. There are ~4 million 119 
people living in Jilin City, and ~50% of the population is living in surrounding rural outskirts, 120 
based on the 2012 statistical yearbook of Jilin City. The sampling instruments were installed on a 121 
building roof located 15 m above the ground in the central urban Jilin surrounded by the 122 
residential areas and urban streets. 123 
Ambient PM2.5 samples were collected on 90 mm quartz filters for 23.5 h (8:00-7:30 (next 124 
day)) by a TH-150A sampler (Wuhan Tianhong Instrument) at a flow rate of 100 L/min. The 125 
filters were stored in a refrigerator at -2 °C until PM2.5, organic carbon (OC), elemental carbon 126 
(EC), and water-soluble ion analyses. 127 
Individual aerosol particles were collected on copper (Cu) grids coated with carbon (C) film 128 
by a DKL-2 sampler with a single-stage cascade impactor equipped with a 0.3 mm diameter jet 129 
nozzle at a flow of 1.0 L/min at 9:00, 15:00, and 20:00 local time every day. During the sampling 130 
period, we collected source samples from direct emissions of cooking and heating in rural 131 
outskirts. The collection efficiency of the impactor is 50% for particles with an aerodynamic 132 
diameter of 0.1 μm and a density of 2 g cm-3. The Cu grids, stored in a dry, clean, and airtight 133 
container, were then analyzed by transmission electron microscopy (TEM) and atomic force 134 
microscopy (AFM).  135 
Meteorological data including the relative humidity (RH), temperature, wind speed, and wind 136 
direction were measured and recorded every 5 min by an automated weather meter (Kestrel 5500, 137 
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USA). 138 
2.2 PM2.5, OC, EC, and water-soluble ion analyses 139 
The quartz filters were weighed on a high-precision digital balance (Sartorius ME 5-F, 140 
reading precision of 0.001 mg) before and after sampling. The PM2.5 mass concentrations were 141 
calculated according to the sampling duration, sampling flow rate, and weight difference of the 142 
quartz filters before and after sampling. 143 
A rectangle of 1 × 1.5 cm2 was removed from each quartz filter and placed in a quartz spoon. 144 
After the OC/EC analyzer (Sunset Lab) was preheated and calibrated, the spoon was placed into 145 
the quartz furnace for analysis. The mass concentrations of OC and EC were then calculated. 146 
Organic matter (OM) concentrations were obtained via multiplying OC concentrations by a factor 147 
of 1.4, which was reported by Guinot et al. (2007). 148 
A quarter of each quartz filter was cut and placed into a clean plastic tube, and 10 ml of 149 
deionized water was added. After a 20 min ultrasonic bath, the solution was injected into a clean 150 
small plastic bottle via a 1 ml needle tube. To ensure the accuracy of the analytical results, this 151 
pretreatment had to be conducted twice for each quarter of every quartz filter. After calibration 152 
with standard solutions, the sample solutions were injected into the ion chromatography system 153 
(Dionex ICs-90) via a 1 ml syringe one after another for the determination of five cations (Na+, K+, 154 
NH4+, Ca2+, and Mg2+) and five anions (F−, Cl−, NO2−, NO3−, and SO42−). 155 
2.3 TEM analysis 156 
The Cu grids were fixed on a sample rod that was inserted into the vacuum chamber of the 157 
TEM system (JEOL JEM-2100), which was combined with energy-dispersive X-ray spectrometry 158 
(EDS). A total of 1489 particles were analyzed by TEM/EDS at 200 kV. The morphology and 159 
mixing state of the aerosol particles were determined by TEM. EDS can detect elements with 160 
atomic weights corresponding to C and above. Cu was not quantified because the Cu grids would 161 
have led to interferences. The equivalent circle diameters (ECDs) of the particles were measured 162 
using iTEM software. To reduce the damage to particles under the electron beam, the EDS 163 
collection duration was limited to within 15 s (Li et al., 2011). Particles in 3-5 grids of each 164 
sample were analyzed to ensure their universality and representativeness. 165 
2.4 AFM analysis 166 
As an analytical instrument for studying the surface structure of solid materials, AFM 167 
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(Dimension Icon) can determine the three-dimensional morphology of particles in tapping mode 168 
via a probe that taps the particles. The force between the probe and sample, the scanning rate, and 169 
the scanning range were 1-1.5 nN, 0.5-0.8 Hz, and 10 µm, respectively, with a resolution of 512 170 
pixels per length. The bearing areas (A) and bearing volumes (V) of the particles were directly 171 
obtained from the Nanoscope Analysis software. Their ECDs and equivalent volume diameters 172 
(EVDs) were calculated according to the following formulas (Chi et al., 2015): 173 
ECD=�
4A
π
                      (1) 
EVD=�
6V
π
3
                      (2) 
where π is 3.14. 174 
The regressions of the ECDs versus the EVDs (ECD vs EVD) were obtained and are shown 175 
in Figure S2. The EVDs of all the analyzed particles could be calculated using the equations. 176 
 177 
3. Results 178 
3.1 Meteorological characteristics and pollutant concentrations  179 
A typical regional haze episode occurred over Northeast China on 1-4 February 2015, based 180 
on reports from the Chinese Meteorological Administration (CMA), and daily PM2.5 181 
concentrations exceeded 150 µg/m3 (Figure 2). The haze episode ended on 5 February due to a 182 
strong west wind (Figure S3). During 28-31 January and 5-7 February, most of the hourly PM2.5 183 
mass concentrations were lower than 75 µg/m3 and the visibility was higher than or close to 10 km, 184 
although PM2.5 in a few hours around 7:00-9:00 and 16:00-18:00 had peaks higher than 75 µg/m3, 185 
based on the Ministry of Environmental Protection of China. Moreover, the CMA had no any 186 
report about occurrence of the regional haze during 28-31 January and 5-7 February in Northeast 187 
China. In this study, they were designated non-haze days. The variations in temperature and RH 188 
showed an opposite trend every day during the sampling period (Figures S3b-c). The temperature 189 
generally increased, with the average value ranging from -17.7 to 5.1 °C (Figure S3b), and the RH 190 
increased from 51% during the day to 74% at night during the haze period (Figure S3c). 191 
Three trace gases (i.e., CO, SO2, and NO2) were two times higher on the haze days than on 192 
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the non-haze days, and their maximum values reached 2.93 ppm, 72 ppb, and 65 ppb on 3 193 
February, respectively (Figure S4). 194 
Figure 2 shows that the PM2.5 with an average concentration of 97 µg/m3 on the non-haze 195 
days and 245 µg/m3 on the haze days. During 3-4 February, the average PM2.5 concentration was 196 
289 µg/m3 (Figure 2), which exceeds 250 µg/m3, the threshold for severe haze days of the Chinese 197 
National Ambient Air Quality Standards. According to these standards, 1-2 February, with an 198 
average PM2.5 concentration of 201 µg/m3 (Figure 2), were moderate haze days. The highest daily 199 
PM2.5 concentration reached 310 µg/m3 on 3 February (Figure 2). The average concentrations of 200 
OM, NH4+, SO42−, and NO3− were 28.6 µg/m3, 10.5 µg/m3, 10.6 µg/m3, and 22.9 µg/m3 on the 201 
non-haze days, accounting for 30%, 11%, 11%, and 24% of the daily PM2.5 concentration, 202 
respectively (Figure 2). On the haze days, these four species were 89.5 µg/m3, 24.2 µg/m3, 28.1 203 
µg/m3, and 32.8 µg/m3, accounting for 37%, 10%, 11%, and 13% of the PM2.5 concentration of 204 
245 µg/m3, respectively (Figure 2). The highest concentrations of OM, NH4+, SO42−, and NO3− 205 
were 112.4 µg/m3, 33.8 µg/m3, 44.0 µg/m3, and 39.4 µg/m3 on 3 February (Figure 2). The 206 
concentrations of OM, EC, NH4+, SO42−, NO3−, and Cl− in PM2.5 increased approximately 2.1, 1.0, 207 
1.3, 1.7, 0.4, and 2.1 times from the non-haze to the haze days. Therefore, during the sampling 208 
period, the concentrations of OM were the highest in PM2.5 in terms of the individual species, and, 209 
in total, the OM and secondary inorganic ions (NH4+, SO42−, and NO3−) were dominant in PM2.5 210 
(Figure 2). The difference between the sum of chemical species and PM2.5 concentration should be 211 
attributed to contributions of minerals, fly ash, and heavy metals to PM2.5, based on the results of 212 
TEM observations. 213 
3.2 Classification and mixing state of individual particles 214 
Based on the elemental composition and morphology of individual particles, we classified 215 
four major aerosol components: organics, soot, S-rich, and fly ash/metal (Figures 3a-f). 216 
Organic particles, as the most common particle in the samples, were stable under the strong 217 
electron beam of TEM and were composed of C, O, and Si, as well as minor amounts of N, S, and 218 
Cl (Figures 3a-c). Based on their different morphologies, the organic particles were further divided 219 
into dome-like (Figure 3a), irregular (Figure 3b), spherical (Figure 3c), and organic-coated 220 
particles. Interestingly, the former three types were dominant in the air influenced by the direct 221 
emissions from coal burning for cooking and heating in a residential stove (Figure S5). As a result, 222 
9 
 
they were defined as primary organic aerosols (POAs). Organic-coated particles, which consist of 223 
organic coatings on mostly other types of particles, were identified as secondary organic aerosols 224 
(SOAs) (Adachi and Buseck, 2008; Li et al., 2016b). POAs with an average O/C ratio of 0.21 was 225 
much lower than 0.44 of SOAs (Figure S6). In this study, most of the POAs and SOAs were 226 
internally mixed with soot, S-rich particles, or fly ash/metal particles (Figures 4a-f). 227 
Soot particles present a chain-like morphology consisting of an aggregate of carbonaceous 228 
spheres with diameters from 10 to 150 nm (Figures 3d and 4d). Soot particles were internally 229 
mixed with the organic particles and mainly contained C and minor amounts of O (Figure 3d).  230 
The S-rich particles were sensitive to the strong electron beam and were mainly composed of 231 
S, O, and N, as well as minor amounts of K and Na in this study (Figure 3e). S-rich particles 232 
generally represent secondary inorganic aerosols containing NH4NO3 and (NH4)2SO4 (Li et al., 233 
2016b). The S-rich particles were internally mixed with organic particles (Figures 4a-f), soot 234 
(Figure 4d), fly ash particles (Figure 4e), and metal particles (Figure 4f). 235 
The fly ash/metal particles generally were smaller than 200 nm; spherical (Figures 3f and 236 
4e-f); and mainly contained O, Si, and Al, as well as minor amounts of metallic elements such as 237 
Fe, Mn, Pb, and Zn (Figure 3f). These particles have been considered tracers of coal combustion 238 
in industrial activities and power plants (Li and Shao, 2009). 239 
In this study, based on the mixing state of the above aerosol components within the individual 240 
particles, we further classified the particles into five major types: organic-rich (Figures 3a-c), 241 
organic-S (Figures 4a-c), organic-soot (Figure 4d), S-fly ash (Figure 4e), and S-metal (Figure 4f). 242 
3.3 Relative abundance of individual particles 243 
Among all the analyzed aerosol particles, TEM observations clearly showed that more than 244 
80% of individual particles contained POAs such as dome-like organic, irregular organic, and 245 
spherical organic particles (indicated by the red frame in Figure 5). On the non-haze days, the 246 
relative abundance of organic-rich particles (37%) was nearly same as that of organic-S particles 247 
(39%) but higher than that of organic-soot particles (22%) (Figure 5). S-fly ash and S-metal 248 
particles both occupied only 1% of all the analyzed particles on the non-haze days (Figure 5). On 249 
the haze days, the relative abundance of organic-S, S-fly ash, and S-metal particles increased in 250 
the samples. Figure 5 shows that the maximum proportions of organic-S, S-fly ash, and S-metal 251 
particles were 66%, 8%, and 4% on 3 February, respectively.  252 
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3.4 Size distribution of individual particles 253 
Figure 6 shows the size distributions of individual particles on the non-haze and haze days. 254 
On the non-haze days, the size distribution of individual particles shows a peak at 249 nm (Figure 255 
6); on the haze days, the peak is at 386 nm (Figure 6). This difference can be attributed to the 256 
formation of S-rich particles and SOAs on preexisting particles during the haze period which can 257 
increase the particle size (see section 4.2). Notably, the slope of ECD vs EVD on the haze days 258 
(0.3798) is much lower than that on the non-haze days (0.6238) (Figure S2), showing that 259 
individual haze particles spread out on the substrate (Figure S2b) and retained their liquid phase in 260 
the higher RH air (52-89%) (Figure S3c).  261 
 262 
4. Discussion 263 
4.1 Sources of organic particles 264 
The OM mass fractions in PM2.5 increased from 30% on the non-haze days to 37% on the 265 
haze days (Figure 2), and TEM observations revealed that the relative abundance of 266 
organic-containing particles exceeded 80% on the haze days (Figure 5). These results are different 267 
from the findings of some previous studies during summer haze period caused by heavy industries, 268 
vehicle exhaust, and coal-fired power plants (Li et al., 2016b; Yuan et al., 2015), which indicated 269 
S-rich particles were most abundant, although a few S-rich particles contained POA inclusions 270 
(i.e., dome-like organic, irregular organic, and spherical organic particles). The comparison 271 
suggests that abundant POAs should not be directly emitted from heavy industries, vehicle exhaust, 272 
and coal-fired power plants over Northeast China. 273 
Li et al. (2012) found a large number of spherical POA particles in a coal-burning area over 274 
the China Loess Plateau during the winter heating period. POA particles were the most abundant 275 
in winter at the rural site in Northeast China (Xu et al., 2017). Moreover, some studies noted that 276 
the concentrations of organic particles from emissions of industrial boiler and coal-fired power 277 
plants were far lower than those from coal and biomass burning in residential stoves (Liu et al., 278 
2016; Zhang et al., 2008). Coal and biomass burning both directly emit high levels of volatile 279 
organic compounds and semi-volatile organic compounds in the smog (Huang et al., 2014; 280 
Schnelle-Kreis et al., 2007; Xu et al., 2015), which can form SOAs. Although biomass or wood 281 
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burning can also emit large amounts of organic particles (Florou et al., 2017; Paraskevopoulou et 282 
al., 2015), Figure 2 shows that Cl− concentrations were much higher than the K+ content in PM2.5, 283 
which is the opposite of the K/Cl ratio emitted by biomass burning (Pósfai et al., 2003). Here we 284 
excluded Cl− was from sea salts based on TEM observations. TEM/EDS showed that Cl was 285 
detected in the POAs (Figure 3c), which is consistent with the chemical composition of spherical 286 
organics emitted by coal burning (Li et al., 2012). We did observe high levels of POAs (i.e., 287 
dome-like organic, irregular organic, and spherical organic particles) from the direct emissions of 288 
coal burning in residential stoves (Figure S5). Therefore, we can infer that most of the organic 289 
particles were likely related to coal burning emission, although we could not exclude a certain 290 
contribution from the emissions of biomass burning (Figure S7). Moreover, under the stable 291 
synoptic conditions (e.g., wind speed lower than 1.3 m/s) (Figure S3), regional transports of air 292 
pollutants played a minor role. After sunrise during the daytime, vertical transports of air 293 
pollutants possibly occupied a certain proportion in the regional contribution of fine particles. We 294 
noticed that consistent and strong household heating via coal combustion is necessary in Northeast 295 
China due to the rather low temperatures that can reach ~-20 °C in winter. Some small boilers 296 
were used in the urban areas of Jilin, although ~40% of the population were living in the rural 297 
outskirts and were using residential stoves for household heating and cooking, based on the 298 
demographics of Northeast China (Jilin, Liaoning, and Heilongjiang Provinces) listed in the 299 
statistical yearbooks of 2015. In this study, we concluded that these organic particles were mainly 300 
related to coal-burning residential stoves in the rural outskirts and small boilers in the urban areas. 301 
4.2 Formation mechanisms of the regional haze 302 
The mass concentrations of OM and secondary inorganic ions (NH4+, SO42−, and NO3−) in 303 
PM2.5 significantly increased from the non-haze days to the haze days (Figure 2). SO42−/EC, 304 
NO3−/EC, and OC/EC can be indicative of pollutant accumulation due to changes in the 305 
atmospheric boundary layer as well as of the secondary formation of species such as sulfates, 306 
nitrates, and SOAs during haze formation (Zheng et al., 2015). The sulfur oxidation ratio (SOR) 307 
and nitrogen oxidation ratio (NOR) values of 0.20 and 0.24 on the haze days (Figure S8) are lower 308 
than the reported values of 0.29 and 0.51 (Zhao et al., 2013) and 0.34 and 0.28 (Zheng et al., 2015) 309 
on haze days in winter in the NCP, respectively. However, OC/EC increased on the haze days and 310 
with value of 6.55 (Figure 7b) is much higher than the ratios of 4.53, 4.40, 4.09, and 4.34 reported 311 
12 
 
in different cities in the NCP (Zhao et al., 2013). These above comparisons indicate that organic 312 
aerosols made a larger contribution to haze formation than sulfates and nitrates in winter in 313 
Northeast China, which is consistent with the TEM observations indicating that abundant SOAs 314 
and POAs occurred together on the haze days compared with lesser amounts on the non-haze days 315 
(Figures 8a-b). 316 
During the early stage of the haze episode (1-2 February (moderate haze in this study)), the 317 
PM2.5 level increased, OC/EC consistently increased from 4.08 to 6.01, SO42−/EC remained stable 318 
at 1.92, and NO3−/EC decreased from 3.99 to 2.64 compared to the non-haze days during 28-31 319 
January (Figures 2 and 7a-b). Moreover, the increasing trends of PM2.5/EC and OC/EC were 320 
similar during the moderate haze days (Figure 7b). These results are consistent with the TEM 321 
observations, which showed that high levels of POAs were dominant in the samples during the 322 
moderate haze days (Figure 5). In addition, the lower temperatures and higher RH during the haze 323 
period likely drove substantial amounts of semi-volatile organic compounds from coal burning to 324 
the particulate phase (i.e., SOAs) (Lim and Turpin, 2002). Therefore, the increase in the mixture 325 
of POAs and SOAs promoted the moderate haze formation during 1-2 February. 326 
During the severe haze period (3-4 February), the SOR, RH, and PM2.5 concentrations all 327 
increased compared to those on the moderate haze days (Figures 2, S3c, and S8). In addition, the 328 
AFM image illustrates that the haze particles were wet aerosols in the ambient air (Figure S2b). 329 
TEM observations demonstrated that the hygroscopic SOAs on particle surfaces could provide an 330 
aqueous media that can promote the conversion of SO2 to sulfates through heterogeneous 331 
reactions during severe haze periods (Wang et al., 2016). This phenomenon has widely occurred in 332 
humid air during severe haze formation in the NCP (Cheng et al., 2016). Our results show that 333 
SO42−/EC, NO3−/EC, OC/EC, and PM2.5/EC increased during the severe haze period (Figures 7a-b). 334 
Compared to the moderate haze days, PM2.5/EC increased 64% during the severe haze period, 335 
which is significantly higher than the increase in OC/EC of 18% (Figure 7b). As a result, the 336 
considerable formation of sulfates, nitrates, and SOAs and the accumulation of POAs together 337 
promoted the evolution of moderate haze to severe haze. 338 
Compared to the non-haze days, SO42−/EC increased 107% during the severe haze period in 339 
winter in Northeast China (Figure 7a), which is effectively equal to the increase of 110% 340 
determined by Zheng et al. (2015) in winter in the NCP. NO3−/EC only increased 9% (Figure 7a), 341 
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which is much lower than the 77% increase reported by Zheng et al. (2015) in the NCP. Moreover, 342 
OC/EC increased 74% (Figure 7b), which is higher than the value of ~45% reported by Zhao et al. 343 
(2013) in the NCP. These comparisons suggest many differences between the severe haze particles 344 
of the NCP and Northeast China. Therefore, the increase in organics and sulfates instead of 345 
nitrates promoted the severe haze formation in winter in Northeast China compared to the severe 346 
haze episodes in the NCP. 347 
 348 
5. Conclusions and implications 349 
An aerosol experiment was carried out over the city of Jilin in central Northeast China from 350 
28 January to 7 February 2015. A regional haze episode occurred during 1-4 February. On the haze 351 
days, the levels of three anthropogenic gases (i.e., CO, SO2, and NO2) were twice as high as those 352 
on the non-haze days. The PM2.5 concentrations were 2.5 times higher on the haze days than on 353 
the non-haze days, and the highest daily PM2.5 concentration reached 310 µg/m3. Furthermore, 354 
OM and secondary inorganic ions (NH4+, SO42−, and NO3−) were the dominant species in PM2.5, 355 
and their concentrations increased 2.1, 1.3, 1.7, and 0.4 times on the haze days compared to the 356 
non-haze days, respectively. The fold changes of the secondary inorganic ion concentrations in 357 
this study were lower than the fold changes of 4.3-9.1 reported by Zhao et al. (2013) in winter in 358 
the NCP. 359 
We divided the aerosol particles into five types: organic-rich, organic-S, organic-soot, S-fly 360 
ash, and S-metal, based on the mixing state, composition, and morphology of individual particles. 361 
We found that the relative abundance of organic-related particles exceeded 80% during the haze 362 
days, which is higher than the level of 70% recorded during moderate haze episodes in winter in 363 
the NCP (Chen et al., 2017). Our study revealed that most of the organic particles were related to 364 
the emissions of coal-burning residential stoves in the rural outskirts and small boilers in the urban 365 
areas. Moreover, biomass burning may be a second source. 366 
To systematically consider the changes of the different aerosols in PM2.5 and individual 367 
particles based on the TEM observations on non-haze and haze days, we proposed the following 368 
conceptual model (Figure 9) that reflected the haze formation mechanisms in winter in Northeast 369 
China. With the advent of stable synoptic conditions (e.g., wind speeds decrease and RH increase), 370 
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the enrichment of POAs from coal burning for household heating and cooking likely caused the 371 
early-stage formation of haze (light or moderate haze). Meanwhile, solar radiation was reduced by 372 
the haze layer, and photochemical activity was weakened. During the severe haze period, 373 
heterogeneous reactions became the major formation pathway of secondary aerosols under high 374 
RH. Our results show that the increase in sulfates and organics instead of nitrates promoted the 375 
evolution of moderate to severe haze in Northeast China compared to the severe haze formation 376 
over the NCP. In summary, the high-intensity emissions from inefficient coal burning for heating 377 
and cooking in winter in the rural outskirts and urban areas can cause the regional haze in 378 
Northeast China under the right meteorological conditions. 379 
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Figure Captions 558 
Figure 1. Moderate resolution imaging spectroradiometer (MODIS) image 559 
(https://worldview.earthdata.nasa.gov/) showing a thick haze layer over the Northeast China plain 560 
and the transport paths over Northeast Asia influenced by the northwesterly wind, and a 561 
topographic map of Northeast China in the upper right corner. Air mass trajectories during the 562 
sampling period are shown in Figure S1. 563 
Figure 2. Variations in the mass concentrations of PM2.5, organic matter (OM), elemental carbon 564 
(EC), and water-soluble ions (Ca2+, Mg2+, K+, NH4+, Na+, SO42−, NO3−, and Cl−) from 28 January 565 
to 7 February 2015. The pink dates are the haze days. 566 
Figure 3. Typical transmission electron microscopy (TEM) images and energy-dispersive X-ray 567 
spectrometry (EDS) spectra of different types of individual aerosol components: (a) dome-like 568 
organic particle, (b) irregular organic particle, (c) spherical organic particle, (d) soot particle 569 
coated by secondary organic aerosols (SOAs), (e) S-rich particle containing minor K and Si, and (f) 570 
fly ash particles. 571 
Figure 4. Typical TEM images of individual internally mixed particles: (a) mixture of dome-like 572 
organic particle and S-rich particle (K); (b) mixture of irregular organic particle and S-rich particle 573 
(K) coated by SOAs; (c) mixture of spherical organic particle and S-rich particle (K) coated by 574 
SOAs; (d) mixture of irregular organic particle, soot, and S-rich particle (K); (e) mixture of S-rich 575 
particle (K), fly ash, and dome-like organic particle; and (f) mixture of S-rich particle (K) and 576 
metal particles (Pb) coated by SOAs. 577 
Figure 5. Relative abundance of five types of individual particles from 28 January to 7 February 578 
2015. A total of 1489 particles were analyzed, and the number of analyzed particles on each day is 579 
shown above the column. 580 
Figure 6. Size distributions of individual particles on the non-haze (706 particles analyzed) and 581 
haze (783 particles) days. The distribution pattern is normalized. 582 
Figure 7. Variations in SO42−/EC, NO3−/EC, OC/EC, and PM2.5/EC from 28 January to 7 February 583 
2015. 584 
Figure 8. Visibility photos and TEM images at low magnifications of individual aerosol particles 585 
on the non-haze and haze days: (a) aerosol particles on the non-haze days and (b) aerosol particles 586 
on the haze days. 587 
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Figure 9. Conceptual model (after Zheng et al. (2015)) of haze formation in winter in Northeast 588 
China. The variations in PM2.5/EC, NO3−/EC, OC/EC, and SO42−/EC are from Figure 7, and the 589 
variations in the meteorological conditions are from Figure S3. Emission sources were determined 590 
from TEM observations of individual particles.  591 
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